Introduction
In mammalian genomes, a small fraction of the cytosines is methylated at the >-position (8, 10, 27) . These methylated cytosines are proposed to be generated by de novo DNA methylation in a tissuespecific manner during early stages of embryogenesis and maintained by maintenance methylase on newly synthesized DNA strands after DNA replication (2, 5, 16) . DNA methylation is believed to play important roles in many biological phenomena, such as regulation of expression of tissue-specific genes (3), parental imprinting (5, 25 ), X-chromosome inactivation (7), and tumor development (9) . Mammalian genes coding for the maintenance methylase, DNA (cytosine-5)-methyltransferase (DNA m e ) , were cloned from murine (2) and human (33) Testis is an appropriate system for histological investigations of the molecular mechanisms of meiosis and gametogenesis because spermatogenic cells in different phases of development are easily recognizable by their associations in the adult seminiferous tubules (1>,21). Therefore, on the basis of patterns of cell association, the seminiferous epithelium of the mouse can be classified into 12 stages (21). Recently, h l e r et al. (29) documented the expression in mouse testis of a DNA MTase transcript larger than that in other organs, Correspondence ta Dr. Masay& Numata, Dept. of Anatomy, School of Medicine, Kanazawa U., Kanazawa, Ishikawa 920, Japan. and was localized predominantly in spermatogonia and spermatocytes, particularly during the earlier steps of meiotic prophase I, with m d intensity in the early pachytene ells. These results suggest some significant role for DNA MTase in spermatogenesis. (J Hisrochem Cycochem 42: KEY WORDS: DNA (cytosine-5)-methyltransferase; Spermatogenesis; Testis; Mouse; In situ hybridization histochemistry.
1271-1276, 1994)
suggesting a specific role for DNA M%e in spermatogenesis. The present study was undertaken to determine the stage-specific and cell type-specific localization sites for DNA MTase mRNA in the mouse seminiferous tubules by in situ hybridization histochemistry. We have obtained evidence for the specific expression of DNA MTase gene during earlier steps of meiotic prophase I.
Materials and Methods
Animals and Tissue Preparation. Ten male C3HIHe mice at approximately posulatal Day 9 were sacrificed under sodium pentobarbital anesthesia by bleedmg from the right atrium. The testes and brains from five animals were frozen immediately in liquid nitrogen for RNA isolation. For in situ hybridization, the remaining five animals were perfused transcardially with ice-cold physiological saline, followed by ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2). The testes were dissected out and further immersed in the same fixative for 5 hr at 4°C and then rinsed in phosphate buffer containing 30% sucrose overnight at 4'C for cryoprotection.
Probes. Synthetic oligodeoxyribonucleotides were used as probes for Northern blot analysis and in situ hybridization. A 33-mer anti-sense probe, GGCCGGCTCCGTGGCGGGACAACCGTIGGCITT, which was complementary to nucleotides 146-178 of mouse DNA M%e cDNA (2) was synthesized by a Cyclone Plus DNA synthesizer. For the negative control, the corresponding sense probe was also synthesized. The probes were labeled at the 3' end with [a-32P]-dCTP (222 TBqlmmol; Du Pont, Wilmington, DE) or [~-thio-~'S]-dATP (18.5 TBq/mmol; Du Pont) using terminal deoxynucleotidyl transferase (?gkara Shuzo; Kyoto, Japan) to specific activities of 2-5 x lo* cpm/M as described previously (13) .
Northern Blot Analysis. Total RNA was isolated from pooled frozen tissues by the acid guanidinium thiocyanate-phenol-chloroform method (6) . The poly(A+) RNA fraction was purified through a batch chromatog-NUMA'IA. ONO, ISEKI raphy on oligo(dT)-latex (oligotcx-dt30: Roche Japan, Tokyo, Japan). The poly(A') RNA samples (2 pg) were denatured by glyoxal and clectrophoresed in a 1% agarose gel as described by Thomas (28). As a molecular size marker, RNA Ladder (BRL; Gaithenburg. MD) was used. The samples were then blotted onto a nylon membrane (Pall BioSupporr; East Hills, NY). and cross-linked by uv irradiation. The membrane was pre-hybridized at 53'C for 2 hr with 1 M NaCI. 50 mM Tris-HCI (pH 7.5). 10 x Denhardt's solution, 0.1% Sarkosyl, 10 mM EDTA, and 250 pglml denatured salmon sperm DNA. Hybridization conditions were identical to those of prehybridization. with the addition of '2P-labeled probes. After incubation at 53'C for 16-24 hr. the membrane was washed at the same stringency as in hybridization and then exposed to Kodak XAR film with intensifying screens at -8O'C for 48-96 hr.
In situ Hybridization Adysk. Hybridization ofthe tissue m i o n s with the oligonucleotide probes was performed esxntially as dcxribed prcviously (13) . The fixed and cryoprotectcd tissue blocks were cut into 14-pm sections on a cryostat and mounted on gelatin-coated glass slides. After air-drying, they were refixed with 4% paraformaldehydel0.1 M phosphate buffer (pH 7.2) for 10 min. washed with PBS containing 2 mglml glycine. acetylated with 0.25% acetic anhydridcl0.1 M triethanolamine (pH 8.0). and pre-hybridized at room temperature for 2 hr. The (pre)hybridization solution was composed of 50% deionized formamide. 4 x SSC. 0.1 M phosphate buffer (pH 7.2). 1 x Dcnhardt's solution. 2% Sarkosyl, 2 mM 2-mercaptoethanol, and 250 pglml denatured salmon sperm DNA. After rinsing with 2 x SSC and dehydration through a graded ethanol series. the sections were hybridized with the "S-labeled probes added at 5 x 10' cpm in 50 pl of (prc)hybridization solution for each slide. After incubation for 16 hr at 37'C. the slides were washed with three changes of 0.5 x SSC plus 0.1% Sarkosyl for a total time of2 hr at 37°C and dehydrated through a graded ethanol series containing 0.3 M ammonium acetate. The air-dried slides were dipped in Kodak NTB-2 emulsion and exposed for up to 4 weeks at 4'C. They were then dcveloped in Kodak D19, stained with hematoxylin and eosin. and examined with an Olympus BH-2 microscope under bright-and darkfield conditions.
Classifiation of the Srages of Spermatogenesis. The classification by
Oakberg (21) was used to define the stages of spermatogenesis in the crosssections of seminiferous rubula. However. precise determination ofthe sngn bawd on the acrosomal appearance in spermatids was difficult in the present study, in which emulsion-covered cryostat sections stained with hematoxylin-eosin were d. Concequently. rhe tubulawereclvsified into e n l stage groups, b w d mainly on the steps of spermatocytes and with the help of the shape and sociation of spermatids. Thew groups represent Stages 1-111, which are characterized by a single layer of pachytene spermatocytes and a double layer of round and elongated spermatids; W V , by the penetration of elongated spermatids into Sertoli cells; VI-VIII, by a double layer of pachytene and pre-leptotene spermatocytes and matured spermatids at the luminal border; IX-XI. by a double layer of pachytene and leptotenelzygorcne spermatocytes and a single layer of elongating spermatids; and XII. by the meiotic divisions of spermatocytes. ( Figure 1 ). This represented the transcript for DNA MTase that is expressed in many mammalian cell lines and tissues, including brain (11, 33) . In contrast, two distinct transcripts, 5.2 and 6.2 KB long. were recognized in the testis. This result is consistent with a previous report by Trasler et al. (29) indicating that the present oligonucleotide probe detected the DNA MTase transcripts that are specifically expressed in mouse testis.
Results

Expression of DNA MTase mRNA
Localization of DNA MTase mRNA
On in situ hybridization analysis of mouse testis, autoradiographic silver grains representing the signal for DNA MTase mRNA were distributed in the seminiferous epithelium but were absent in the intertubular space. including the Leydig cells (Figures 2a and 2b) . When a 500-foId concentration of cold DNA M%se probe was added to the probe solution before hybridization, this signal disappeared. Furthermore. no signal above background level was detected after hybridization with the labeled control (sense) probe. thus confirming specificity of the signal in the seminiferous epithelium (data not shown). The intensity of signal differed substantially among sections of seminiferous tubules. A much higher level of signal was observed in particular stages of spermatogenesis, as revcalcd by the defined sections with heavier grain accumulation. Based on the composition of spermatogenic cells. the sections with the highest signal intensity were identified as being in Stages 1-111 of mouse spermatogenesis (21). Our attempt to determine the stages more precisely by applying PAS stain to the emulsion-coated cryostat sections was unsuccessful. because it brought about not only a poor resolution of acrosomes in spermatids but also an overall decrease in the density of silver grains. In Stages 1-111 (Figures 3 and 4) , intense signal for DNA MTax mRNA was distributed predominantly on the large round cell population located closest to the basement membrane next to the spermatogonia, i.e., in the spermatocytes of the early pachytene phase (21). A significant lcvcl of * signal, although lower than that of spermatocytes, was also observed in the majority of spermatogonia. In contrast, round spermatids and elongated spermatids, as well as Sertoli cells, contained only small numbers of silver grains that were close to background levels. Other representative stages of spermatogenesis were also analyzed for expression of DNA MTase mRNA ( Figures 5-8) . At Stages W V , the signal in the pachytene spermatocytes became slightly lower in intensity than in the earlier pachytene cells of Stages 1-111. At Stages VI-VIII, the signal intensity in the pachytene spermatocytes decreased further. On the other hand, the preleptotene spermatocytes derived from preceding spermatogonia had only background signal. In the later Stages IX-XI, a substantial level of signal was recognized in the leptotenehygotene spermatocytes, whereas silver grains were absent in the diplotene spermatocytes. At Stage XII, the strong signal was localized predominantly in zygotenelearly pachytene spermatocytes which arose from the preceding leptotenelzygotene spermatocytes. Throughout the stages of spermatogenesis, most of the spermatogonia showed various levels of positive signal for DNA MTase mRNA, whereas no appreciable levels of signal were recognized in the early and late spermatids or Sertoli cells. These results are summarized in Table 1 .
Discussion
Recent studies using two isoschizomeric restriction enzymes that respond differently to methylated cytosines have revealed that sperm DNA is more methylated on its cytosines than oocyte DNA and that the amount of methylated DNA decreases temporarily after fertilization, followed by its recovery during early embryonic development (20,23). These results imply that the DNA methylation has biological significance not only in embryogenesis but also in gametogenesis. Three classes of enzymes, i.e., de novo methylase, demethylase, and maintenance methylase (DNA MTase) are postulated to work cooperatively in regulating cytosine methylation on mammalian genomic DNA (14). However, thus far only a single enzyme, DNA MTase, has been identified in somatic cells (2,33), and its involvement in gametogenesis remains unclear. The present study has provided histochemical evidence for the expression of DNA M%se gene in particular cell types in several stages of spermatogenesis. By Northern blot analysis with poly(A+) RNA, we have confirmed the results of Trasler et al. (29) , which demonstrated the expression of two distinct sizes of DNA MTase transcripts (5.2 and 6.2 KB) in adult mouse testis. Using the cell separation technique, these authors documented that the 6.2 KB mRNA, specific to the testis, is expressed in the pachytene spermatocytes, whereas the 5.2 KB "A, characteristic of somatic cells, is in the A and B spermatogonia as well as round spermatids. Although the cell separation method has the advantage of allowing biochemical analysis of a large number of cells in each fraction in a quantitative manner, the fractions may not be purely composed of single cell types because they are separated by unit gravity (1,22) . In contrast, in situ hybridization technique allows visualization of the transcripts in individual cells in the intact tissue but does not detect low levels of "A, especially when oligonucleotide probes are used (24,32). Using in situ hybridization, we have detected the most intense signal for DNA MTase mRNA in the spermatocytes. Appreciable level of signal was also present in a majority of the spermatogonia, although lower than that in the spermatocytes, whereas no significant level of signal was discemed in the spermatids and Sertoli cells. These results can be interpreted in correlation with the results of Trasler et al. (29) : the strong signal in the spermatocytes may represent the 6.2 KB transcript and the weaker signal in the spermatogonia may correspond to the 5.2 KB transcript. The 5.2 KB transcript in the spermatids is presumably beyond the detectable level in our in situ hybridization slides. On the other hand, the present study cannot rule out the possibility that both transcripts are expressed at the same time in the above cell types to carry out different biological functions. To discriminate between these two possibilities, further molecular biological characterization of the two size species of DNA M k e mRNA will be necessary.
The seminiferous epithelium is composed of Sertoli cells and spermatogenic cells. The latter are divided into several microscopically distinguishable types representing the spermatogonia, spermatocytes in different meiotic phases, and spermatids in spermiogenesis (15, Zl) . After the extensive mitosis of spermatogonia, the DNA synthesis before meiosis takes place in pre-leptotene spermatocytes. Subsequently, the spermatocytes progress into the prolonged meiotic prophase I, divided into leptotene, zygotene, pachytene, diplotene, and diakinesis steps. A series of successive events occurs during the meiotic prophase, including the condensation of chromatin in the leptotene step, pairing of homologous chromosomes in the zygotenelpachytene steps, genetic recombination between the homologous chromosomes during the pachytene step, and disjunction of homologues during diplotene/diakinesis (19,31).
DNA MTase is believed to catalyze the methylation of cytosines on newly synthesized DNA strands at hemimethylated CpG sites during the S-phase of somatic cells (2,16). The expression of DNA M%e mRNA shown by the present study in spermatogonia, which are involved in active mitosis, is consistent with such a role for DNA MTase. On the other hand, the present results in the spermatocytes have revealed that the steady-state level of DNA M&e mRNA is low at the pre-leptotene step but increases at the leptotene step, reaches a maximum at the early pachytene step, and declines to-wards the later phases ofthe pachytene step. This strongly suggests that DNA MTase is predominantly synthesized and presumably functions in the earlier phases of spermatocytes. However, other possibilities cannot be ruled out: one is that some of the DNA MTase transcripts are stored for a long time before they are translated into protein in late spermatogenic cells, as is the case with some other testicular proteins (12,26) , and the other is that the translated DNA MTase is stored for a long time before it exerts enzymatic activity in late germ cells. To clarfi this issue it will be necessary to design experiments comparing not only the levels of mRNA but also those of protein and enzymatic activities for DNA MTase among the dBerent spermatogenic steps of seminiferous tubules.
What is the role of DNA MThe, if any, in the metiotic prophase of spermatocytes, where significant genomic replication no longer takes place? First, it is possible that DNA MTase is required for maintenance methylation associated with repair DNA synthesis at the time of genetic recombination in this period (18). Alternatively, DNA f i e may be responsible for de novo methylation ofgenomic DNA (30), which may facilitate the meiotic process either by regulating particular gene expression or by causing direct changes in chromatin structure. It is also considered that the methylation patterns of genomic DNA established by de novo methylation in the spermatocytes transfer the patemal imprinting signal through the subsequent spermiogenesis and embryogenesis (20,23). Lately, Brandeis et al. (4) have demonstrated that only a few methylations at selective positions in imprinted genes may be required for the maintenance of paternal identity. %king their results into account, the decreased level of DNA MTase expression in the germ cells during and after the later phases of the pachytene step may be sufficient to maintain the methylation pattems necessary for the paternal imprinting. Further studies are necessary to elucidate the biological significance of DNA MTase during spermatogenesis.
